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INTRODUCTION
The development of new materials to substitute synthetic polymers used in large scales is an important scientific and technological challenge. The use of proteins, lipids and polysaccharides has been extensively studied in order to obtain biopolymers, 1,2 being a potentially interesting alternative to get also biodegradable films that can be used for food packaging, for instance. However, the necessary level of values demanded for the mechanical properties of the films, such as the tensile strength, the elasticity and the elongation at rupture, still constitutes a problem that remains as elusive as ever. Vegetable proteins such as those from wheat gluten, soybean and corn, and animal proteins such as those from egg, milk, keratin, collagen and gelatin have been the focus of studies to obtain bioplastics. [1] [2] [3] [4] [5] [6] [7] [8] Biopolymers derived from proteins show high degradation rates in the environment, which means that they are promising candidates to produce biodegradable materials with functional properties. 5 Wheat gluten contains approximately 80% of protein constituted by two water-insoluble proteins: prolamin (gliadin), a monomeric protein, and glutenin (glutelin) an oligomeric protein, 9, 10 in an approximate 60/40 ratio, 11 respectively. When moisturized, these proteins constitute a three-dimensional network with well--defined properties of viscoelasticity and cohesiveness. These properties for wheat proteins are different from those of other cereal and vegetable proteins, and the structure and property of glutens depend on the gliadin and glutenin interactions.
When wheat gluten is plastic-coated, a cohesive mixture with viscoelastic properties, that is a barrier to oxygen, is produced; 3, 12 and, due these characteristics, several authors have suggested that wheat gluten can be used as raw material to produce edible films, biodegradable films, or materials for biodegradable packaging. 3 Though the extensive inter-and intrachain interactions of proteins caused by hydrogen bonds, electrostatic forces, hydrophobic interactions, and/or disulfide bonds or cross-linking, the resulting films are fragile, 9 which restricts their applications in packaging. A common way to reduce the fragility of the polymeric material is to add a plasticizer 13 to it, which helps to avoid the breaking and the splinter of the films during the biopolymer manipulation and storage. 14 The plasticizer is a hydrophilic liquid of low molecular weight and low volatility that reduces the chain to chain interaction of the protein 13 and modifies the three-dimensional structure of the proteins.
14 Glycerol and sorbitol are plasticizers that show a general behavior that follows the Couchmann-Karasz relationship to predict the T g of biopolymers as a function of their plasticization level. 15 In the production of biodegradable packaging with a protein base, two methods can be used. 3 1. A casting method or physicochemical process, which leads to film formation under low humidity conditions. This method uses a chemical reagent or a physical agent to break the intermolecular bonds, covalent or non-covalent, and stabilizes the polymer into native form, mainly the disulfide bond, resulting in protein dispersion and solubilization. Later, the movable polymer chains are organized and guided in the desired form, allowing the formation of new intermolecular bonds and interactions that stabilize a new three-dimensional network; finally, the product is dried. 9 2. A mechanical method or thermoplastic process, which uses the thermoplastic properties of the proteins under low humidity conditions. The process starts by mixing the proteins and plasticizer to obtain a uniform mass. 16, 17 This method promotes a reversible change of proteins from rigid or glassy to flexible or elastic through a temperature increase and plasticizer addition.
The glass transition temperature (T g ) of high-molecular weight polysaccharides and proteins (and mixtures of both) was studied by several researchers. [18] [19] [20] [21] Hoseney et al. 22 were the first ones to demonstrate that the gluten wheat polymer is amorphous with glassy characteristics, and can be plastic-coated with water to lower the T g .
Protein extrusion is a method commonly used to obtain plastic-coated polymeric materials; however, the properties of the extruded material depend on the processing conditions. 23 The operational conditions of extrusion of the proteins limit the severity of the process 10, 23, 24 and the machinery and steps used in plastics production can also be used in biopolymer extrusion, including thermoforming, injection or compression molding and extrusion.
The objective of this study is to obtain biopolymers from mixtures of wheat gluten and glycerol by approximately isothermal and adiabatic processes and determine their rheological properties, with a long-term view to their use in packaging applications.
EXPERIMENTAL Materials
The wheat gluten (WG) was acquired from RIBA S.A., Barcelona, Spain, containing 83% of proteins, 1.5 to 2% of lipids, 0.8% of ashes, and humidity inferior to 8% in weight. Before the processing, the gluten was dried in a greenhouse with air circulation at 75 ºC for 8 h.
The plasticizer used was glycerol (G) P.A. with 99.5% of purity (PANREAC), molar mass was 92.09 g mol -1 , and relative density of 1.257.
The bioplastic was obtained by two thermomechanical processes: isothermal (80 ºC) and adiabatic at the Chemical Engineering Laboratories of the Chemical Engineering Department of the University of Huelva (Spain) using a torque rheometer with an adiabatic mixing chamber (Rheocord, Haake, Germany) provided with two counter-rotating cylinders ("roller" type), rotating with different angular speeds with a 3:2 ratio. Torque and temperature were registered during the mixture process.
The samples were batch-processed (250 g each batch) with a ratio of 0.40 g of glycerol per 1.00 g of wheat gluten (0.40 G/ WG) that corresponds approximately to 80% of the total volume of the chamber (310 cm 3 ); the mixing speed was set at a constant 50 rpm and the mixing times were 180 min for the adiabatic process and 15 min for the 80 ºC isothermal process. The other parameters were maintained according to the recommendations of other authors. 25, 26 The resulting bioplastic was stored in polyethylene bags tightly closed and maintained at room temperature until its characterization.
Methods
The viscoelastic properties were determined in small--amplitude oscillatory shear using a rotational rheometer (TA Instruments AR G2) with a parallel-plate geometry of 25 mm diameter and a gap between 1 and 3 mm. Initially, it was necessary to determine the area of linear viscoelastic response of the bioplastic by performing stress sweeps at a constant frequency of 0.6283 rad s -1 (0.1 Hz) and 62.83 rad s -1 (10 Hz). The frequency sweep tests were performed in a frequency range between 0.01 and 100 rad s -1 at 60 ºC to determine the elasticity (G') and loss moduli (G'').
Thermal analysis of the bioplastics was performed by modulated differential scanning calorimetry (MDSC). Samples from 10 to 20 mg of bioplastics were placed in aluminum capsules, hermetically sealed and taken to the differential Q100 calorimeter (TA Instruments, USA) using nitrogen as purge gas at a flow rate of 50 mL min -1 . A full temperature scan was performed between -50 and 200 ºC at a heating rate of 5 ºC min -1 , modulation period of 60 s and amplitude modulation of 0.5 ºC.
Samples of 10 mg of the bioplastics were taken for TGA analysis using a thermogravimetric balance (TA Q500 -TA Instruments, USA) by varying the temperature from 30 to 400 ºC at a heating rate of 10 ºC min -1 in a nitrogen atmosphere (60 mL min -1 ). The temperatures at which there was loss of weight were determined directly from the thermograms.
RESULTS AND DISCUSSION

Effects of mixing time in torque and temperature in the process thermoplastic
The mixing time is an important factor in the change of torque and temperature in the mixing process (Figure 1 ). The torque shows three well defined regions: Initially there is an induction period, from the beginning until approximately 110 min, in which the torque remains almost constant. A second region is well defined in the range between 110 and 122 min and in this the torque shows a sudden increase and reaches a maximum value of approximately 100 N m. The third region starts at about 122 min and in this a sudden decrease of the torque occurs until a constant value of approximately 40 N m is obtained at 140 min. This behavior is approximate to that reported by Jerez et al. 27 for mixtures of 50% glycerol and wheat gluten, however, the three regions showed up at different times depending on the mixing speed, with the torque decreasing with increasing speed.
The time required for the induction period decreases with increasing mixing speed in the initial region and the protein molecules are still entangled. The region of rapidly increasing torque is a consequence of the denaturation of the protein and increasing disorder degree in its structure. The final region of torque decrease features a further arrangement of the protein molecules, probably due to the effect of plasticizer.
The evolution of temperature in the mixing chamber showed three distinct steps: one between the beginning of the process up to approximately 120 min in which there was a small increase in temperature (around 25 ºC); between 120 and 150 min there is an increase of 30 ºC (1 ºC min -1 ), after which the temperature gradually increases at approximately 0.7 ºC min -1 , reaching 70 ºC after the full 180 min. Mixtures of 50% glycerol showed near temperature changes. 27 A total process time of 120 min was initially estimated for the preparation of bioplastic, but the resulting mass showed no cohesiveness or elasticity and was not suitable as bioplastic; however, after only 15 min a mass with good viscosity and elasticity levels was obtained.
In the isothermal process at 80 ºC ( Figure 2 ) there was virtually no induction region, the torque rapidly reaching its maximum value of 50 N m after about 1 min, immediately followed by a gradual decrease down to 30 N m after 5 min and remaining constant thereafter. Although the process was intended to be isothermal there was a gradual increase in temperature up to approximately 60 ºC after about 10 min; after this, the process temperature remained virtually constant. This increase is probably the result of the frictional forces that are promoted in the process and result in viscous heating of the mass. 
Thermorheological behavior of bioplastic 0.40 G/WG
The dynamic mechanical spectrum depicted in Figure 3 shows the effect of frequency on the storage (G') and loss (G'') moduli of bioplastic (0.40 G/WG). Close to what was also reported by other authors 10, 27, 28 for G/WG bioplastics, our results show that both processes lead to almost gel-like materials, with G' and G'' slowly increasing as a function of frequency, and the former much smaller than the latter. In particular, tan(d) increases from 0.15 to 0.5 in the adiabatic process and between 0.1 and 0.65 for the adiabatic process. For both processes the resulting materials are strongly shear-thinning, with power-law indices respectively of 0.19 and 0.18.
Despite these similarities, the higher absolute values of G' and G'' moduli and the complex viscosity, h*, for the adiabatic process suggest that the protein molecules form a stronger highly cross-linked and elastic network than in the isothermal process.
The cross-linked network is results by the amount of polar side groups in the primary structure, especially those with carbonyl groups, that is, glutamine, asparagine, glutamic acid, and aspartic acid. The presence of cysteine made the protein less sensitive to plasticization due to formation of a robust cystine cross-linked network. 29, 30 Other reports 26, 27 to 0.50 G/WG samples at different mixing times revealed changes in the microstructure of bioplastics and concluded that probably the mixing time induces significant changes in molecular microstructure, with glycerol/wheat gluten bioplastics after 10 min of mechanical mixing showing a spectrum typical of non-completely denatured protein molecules. However, after 45 min of mixing the dynamic mechanical spectrum showed a highly cross-linked protein network with values of high G' and G'', just like in the present work. The total heat flow as a function of temperature (Figure 4) , thermogram obtained by MDSC, revealed that both biofilms have near endothermic properties. The bioplastic from the isothermal process shows a lower peak temperature of 125 ºC than that from the adiabatic process, in which the peak appears at 140 ºC, indicating that the isothermal process promoted structural changes in the protein molecules at lower temperature than the adiabatic process. This result is in accordance to that reported by Jeréz et al.. 26, 27 They found the temperature of the endothermic peak between 150 and 160 ºC for bioplastic from wheat gluten and glycerol obtained in adiabatic process. The temperature difference of bioplastics could be attributed to the different structure of proteins resulting from both processes that promoted the formation of different types forces that stabilize the polymer, such as disulfide bonding 30 and polar side groups. 29 Both bioplastics showed the same thermogravimetric profile ( Figure 5 ), probably due to that both polymers tend to degrade in a close manner as a function of temperature. However, it is possible to observe the existence of steps, labeled as steps A to D in the figure. Step A, which occurs below 180 ºC, corresponds to the elimination of both free and bound water, and, in this case, the weight loss is approximately 17%.
Step B, in which there is a further 29% weight loss, occurs between 180 and 280 ºC and corresponds to the evaporation of glycerol. In step C, which occurs between 280 and 340 ºC, there is a further 26% weight loss; this step is associated with the breaking of covalent peptide bonds in amino acid residues. Finally, step D occurs above 340 ºC and corresponds to the breaking of disulfide bonds. 31 The hygroscopic capacity of bioplastics from wheat gluten--glycerol mixture, expressed as weight loss as a function of temperature, has been reported by other authors 25 with results approximate to those shown in Figure 5 . The ability to retain water in the structure of the biopolymer is an interesting feature that may be desirable when the vehicle can be water or culture broth. 
CONCLUSIONS
Mixing of wheat gluten / glycerol under approximately adiabatic and isothermal conditions led to materials with final near rheological characteristics, indicating that close types of structure are obtained in both processes. In fact, our results showed that both processes lead to almost gel-like materials with values of tan(d) much lower than 1. For both processes the resulting materials are strongly shear-thinning, with power-law indices respectively of 0.19 and 0.18. However, biopolymers obtained by the adiabatic process have higher storage and loss moduli than those obtained in isothermal process, what indicates that the protein network formed in the former case is stronger (albeit of the same physicochemical type) than that in the latter.
MDSC and TGA analysis confirmed that both biopolymers have approximate structures albeit with different strengths: the thermogravimetry results are exactly the same for both biopolymers, and MDSC thermograms showed the endothermic peak at 125 ºC for the isothermal biopolymer, while that obtained in the adiabatic process only appears at 140 ºC.
Mixing time was an important factor in the torque and temperature evolution. Isothermal conditions (80 ºC) favor lower mixing times, of the order of 15 min, for obtaining the optimal rheological properties, whereas in the adiabatic case, although the final network is stronger, the processing times are much longer.
